Acknowledgement Append i x Summary
A rather simple electronic bench experiment i s proposed for obtaining a measure o f the impulse energy loss o f a stored part i c l e bunch t o an rf cavity o r other vacuum-chamber structure --t h e so-cal 1 ed "cavity r a d i a t i o n " . The proposed method is analysed i n some detail. 
Int roduct i on
Theoretical estimates of the loss of energy from the beam of a highcurrent electron storage ring due t o the transient excitation of the rf accelerating cavities indicate that the effect may make significant demands for increased rf power, and may have other deleterious effects as well.
Unfortunately, theoretical estimates can be made only for idealized cavities whose shapes are very different from the actual cavities.
themsel ves , use approximations whose consequences are uncertai n.
of the theoretical uncertainties, some practical importance i n the design of a large storage r i n g such as PEP --t o have some reliable determination o f the energy loss t h a t will occur i n the ring.
the cavities o f SPEAR-2, b u t such measurements --particularly i f extended t o other cavity-like structures of the vacuum system --may be d i f f i c u l t , and will certainly be time-consuming and expensive.
Also, the theories,
In view i t would be highly desirable --and o f I t i s contemplated that the loss will be measured for I would l i k e t o propose t h a t the transient energy loss of circulating bunch i n a storage r i n g as i t traverses a cavity can be determined by an electronic bench measurement.
might look like for a measurement on the PEP cavities.
also be useful for determining the energy loss o f a bunch i n traversing various parasitic cavities --vacuum boxes and the like --in the PEP storage ring.
I consider i n t h i s note what the set-up
The method would 2. Principle of the Method When a stored particle bunch traverses a cavity, the electrical charge and current of the bunch produce e l e c t r i c and magnetic fields a t the walls of the vacuum chamber.
These fields generate what we may call "induced" charges and currents i n the walls, which i n t u r n produce "secondary" fields that can appear a t the circulating bunch and can give r i s e t o deflections or changes of energy of the particles i n the bunch.
secondary fields have a t times been referred t o as ''wake" f i e l d s . )
here, interested only i n the longitudinal e l e c t r i c f i e l d s that will subt r a c t energy from the stored bunch. O f particular concern a t the moment are the secondary fields that a r i s e from any irregularity i n the storage r i n g vacuum chamber --a n d , i n particular, such gross irregularities as introduced on the l e f t end of the center conductor.
of the current i n the pulse i s intended t o produce the same Gaussianshaped time variation t h a t occurs i n a stored electron bunch.
pulse will travel along the center conductor w i t h the speed c y and will have an instantaneous charge density t h a t corresponds closely t o the charge density in a travelling bunch.
travelling along the uniform pipe, i t will produce fields i n the pipe nearly Next, imagine t h a t a short pulse of current i s
The time-dependence
The current
And so long as t h i s "model bunch" i s (The differences are, small so long as the bunch length R i s much larger than a/y, where a i s the radius of the chamber, and y = E/mc2 of the part i c l e s . ) a t the bunch (or a t the pulse on the wire) are small and proportional t o the r e s i s t i v i t y of the walls. I am going t o assume here t h a t the walls have a sufficiently low r e s i s t i v i t y that these fields can be neglected.
Under these circumstances, i t is well known, the secondary fields
What happens when the stored bunch or current pulse arrives a t the cavity? The induced currents and charges on the walls are changed and new secondary fields are produced. The longitudinal e l e c t r i c fields --t h a t occur ---a t the bunch will change the energy o f the particles in the bunch, b u t will not --assuming u l t r a -r e l a t i v i s t i c particles --have any significant effect on the charge and current distribution of the bunch. the energy of each particle i s the integral of the secondary e l e c t r i c f i e l d along i t s path, and the t o t a l energy l o s t by the bunch i s the sum of the energy changes of a l l of the particles.
The net change of
Assume for a moment t h a t the current pulse on the wire is not disturbed as i t goes through the cavity. Then i t s current and charge remain the same as those of the bunch, and, I would maintain, i t follows that the charges induced i n the walls & t h e -pulse, as well as the secondary fields generated, are identical in the two cases. So the energy removed from the pulse --by the secondary fields i s the same as from the bunch. measure the energy removed from the coaxial current pulse by the secondary f i e l d s , we will have a measure of the energy loss of a bunch while traversing the same structure.
If we can
In r e a l i t y , there are, of course, differences. For one thing, the current pulse will not remain unchanged as i t goes through the cavity.
The secondary fields a t the center conductor will produce "secondary" currents that will combine w i t h the i n i t i a l pulse t o produce a modified pulse. The magnitude of the secondary current depends, however, on the diameter of the center conductor, and can, i n principle, be made as small as we wish by the use o f a sufficiently small central wire. Let's assume, for example, t h a t we can make the disturbance t o the original pulse, say, ten or twenty percent of the original pulse amplitude.
There is another important way i n which the bench set-up differs from the storage r i n g . The secondary currents in the bench set-up will produce new "secondary" induced charges i n the chamber walls t h a t will i n turn give r i s e t o "tertiary" currents i n the center wire, and so on -ad infinitum. I would like t o argue t h a t these "higher-order" effects do not change s i g n ificantly the energy loss from the i n i t i a l pulse.
small.
F i r s t , they can be made
Second, these effects will a1 1 occur w i t h time delays (due t o the back-and-forth t r a n s i t of the electromagnetic fie1 d s ) so t h a t they wi 11 , i n general, produce additional fields and currents on the wire that occur -well behind the i n i t i a l pulse and can therefore be distinguished from the secondary fields t h a t we wish t o observe.
particularly true when the bunch length is less than or comparable t o the diameter of the vacuum pipe --which i s also the situation o f practical interest t o us.
(This statement i s , I think,
The most striking difference between the two situations i s what happens t o the electromagnetic energy l e f t behind i n the chamber a f t e r the passage of the beam bunch o r current pulse.
wire, the energy appears i n the oscillations of a large number of normal
In the absence o f the center modes of the vacuum chamber-cavity system, and i s transformed eventually into heat energy in the walls as the oscillating fields decay.
center wire present, two changes occur.
With the F i r s t , the characteristics of the normal modes (for example, frequency and f i e l d distribution) are changed.
And, second, the energy o f the modes i s , t o a large extent, coupled i n t o the center wire and travels along i t t o be dissipated in the terminations a t the two ends.
t o make the two situations quite disparate.
I t m i g h t appear t h a t these differences are so great as M y intuition, however, would say t h a t (1) i f the frequencies only of the normal modes are not grossly modified, and ( 2 ) i f the d u r a t i o n of the beam pulse i s short i n comparison w i t h the relaxation times of the residual fields w i t h the wire present, then the energy removed from the pulse --and l e f t behind as f i e l d energy i n the chamber --will be similar t o the energy removed from the beam bunch.
Suppose we t r y t o imagine what would be the fields produced i n a cavity by the t r a n s i t of a beam bunch. M y guess would be t h a t the fields i n the cavity immediately a f t e r the passage o f the bunch might look as sketched in Fig. 2 . And --I see no reason t o t h i n k t h a t the field d i s t r ibution would be changed significantly by the presence o f a small wire along the axis. What will be different, certainly, i s the behavior a f t e r the pulse has passed --as the stored fields r a t t l e around searching for an escape. tained i n i t i a l l y i n the fields l e f t behind by the t r a n s i t of the current B u t this l a t e r comportment has l i t t l e t o do w i t h the energy conpulse .
According t o estimates I have made, both of the two conditions mentioned above for the validity of the method will apply i n the circumstances For example,
The details of these estimates are given i n Appendix A.
M y confidence i n these estimates was bolstered by a simple experiment.
A 3/32-inch-diameter copper rod was mounted on insulators so t h a t i t extended along the a x i s of a 540-MHz cavity intended for use i n SPEAR, and the resonant frequency of the fundamental mode was measured. can be sent along a small wire inserted on the axis T h a t a measurement o f small , and can be --a t l e a s t i n part --corrected for.
In the r e s t of this note, I will p u t f o r t h some of the quantitative aspects of a bench set-up that m i g h t be realized i n practice.
3.
Experimental Set-Up A schematic diagram of the proposed experimental set-up i s shown i n 
I t will be necessary t o take care t h a t the pulser Also i t i s necessary t h a t For the interpretation of the d a t a , i t i s necessary t o have the record
of an "original pulse" --the pulse that would be transmitted t h r o u g h the system in the absence o f a cavity.
would be useful t o make the cavity demountable, so that i t can be replaced by a section of beam chamber --making a continuous coaxial line.
natively, the cavity could be f i t t e d w i t h a sliding sleeve t h a t could either cover up the cavity o r expose i t . of the original pulse --so some care will be required t o maintain a good reproducibility of the measurements --hopefully, w i t h a precision of about one percent or better. T h i s i s the accuracy that is required i f the final answer i s t o have an error no larger t h a n 10% t o 20%, which would be nice. I am told by those experienced w i t h f a s t pulses t h a t the desired reproducibility can be achieved.
4.

Input Pulse
The circulating bunch i n a storage r i n g has a current distributton i n time ( a t a fixed place) t h a t i s expected t o be nearly "Gaussian"; t h a t i s , distributed according t o where r , the nominal bunch duration, is taken t o be twice the r m s spread.
The total charge i n the pulse i s I n the bench t e s t , we should probably t r y , t o the extent possible, t o use a current pulse with the same dependence on time, although, as will be discussed i n Section 9 , t h a t is not strictly necessary --and may, in f a c t , not be desirable.
A t low currents the bunch l e n g t h -R in PEP will be about 5 cm. A t h i g h stored-beam intensities, however, the bunch may be much longer --perhaps as l o n g as 15 cm --i f PEP has an anomalous bunch lengthening like t h a t observed in most rings. surements w i t h , say, three pulse lengths:
following discussion I shall take 10 cm as an illustrative bunch length. or so. Perhaps a pulser can be found t h a t gives a good approximation t o a
Gaussian shape w i t h a length of 330 picoseconds.
necessary t o lengthen and shape a shorter pulse by passing i t through a ''low-pass" network.
of a chain of low-pass f i l t e r s approaches, w i t h increasing number of stages, a Gaussian shape, so i t should not be too difficult t o generate a pulse which gives a suitable approximation t o a stored bunch.
Otherwise i t may be
There i s a general theorem t h a t the impulse response I t w i l l be useful t o have some idea about the typical frequency components i n the Fourier spectrum of the pulse. The pulse of Eq. (1) has a distribution of Fourier amplitudes given by
I shall take w0 (or t ) as the "typical" frequency i n the pulse.
"half-power" frequency f i s related t o T by
The 0 k For a 10-cm pulse (T = 330 picoseconds) , w0 = 6.1 GHz and fl = 0.8 GHz.
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The various components of the set-up --connectors, tapered lines and such --will need t o deal faithfully w i t h frequencies well above 1 GHz.
The appearance of the original pulse (no cavity) will , of course, give some measure of this fidelity. I t must be remembered, however, t h a t the energy loss depends on the pulse length --a t the cavity, as does the interpretation of the data.
t o the output detector will , therefore , introduce errors.
can, i n principle, be corrected for i f one knows sufficiently well the pulse response o f the system from the cavity t o the o u t p u t , i t would be good t o keep such corrections small --by which I mean t h a t the resolution time Any distortion of the signal as i t proceeds from the cavity A1 t h o u g h these (rise-time) of the system should be quite a b i t less than T, and, preferably, about equal t o the resolution time of the detecting oscillograph.
Oscillograph
As we shall see below, the interpretation of the measurements depends i n some detail on the shape of the signals a t the output of the bench set-up.
W e would l i k e , ideally, the oscillograph t o give a faithful record of the time function of the original pulse and o f the modified pulse as they leave the cavity structure. I t i s n o t possible to make i n advance any precise statement on the magnitude of the error that will be introduced by the resolution time of the oscillograph.
about the signals that will be obtained from any particular cavity structure.
I estimate, however, t h a t , i f the resolution time (full-width) o f the oscillograph i s about -one-fourth of the pulse length T , the uncorrected error i n the energy loss measurement will be about 10%.
avail able w i t h a resolution time o f about 30 t o 40 picoseconds , which should be more t h a n adequate.
W e would need t o know something
Oscillographs are 6.
Interpretation o f the Data
The raw data of the measurements will be two time functions recorded by the oscillograph.
through the system i n the absence o f the cavity, and the other i s the "modified" current pulse i,(t) t h a t is observed when the cavity i s i n place.
I shall , for the moment, consider a l l currents and voltages as they appear a t some arbitrary point i n the transmission line of the beam chamber a f t e r the cavity b u t before entering the tapered section.
magnitudes will , o f course, be different a f t e r transformation t o a different One i s the "original" current pulse i , ( t ) that passes See Fig. 3 . The impedence level by the tapered matching section. Let me now define the "secondary" current i a ( t ) as the difference between the original pulse and the modified one:
This current is the one generated by the "secondary" f i e l d s t h a t result from the original pulse.
Let's l e t U stand for the total energy that would be l o s t by a r e l a t i v i s t i c particle bunch in traversing the cavity.
U i s proportional t o the square o f the charge q i n the bunch:
For any cavity,
and i t i s the constant k t h a t we wish t o determine by the bench t e s t .
The average energy l o s t per particle, u o , i s related t o k u o = k q e .
I t i s shown in Appendix B t h a t k can be obtained from i o ( t ) and i a ( t ) by the equation
where Ro i s the characteristic res stance of the transm ssion l i n e , and q o i s the total charge i n the pulse as given in Eq. ( 2 ) . The correction term gk acknowledges the imperfection of our model of the energy loss for a bunch. This correction will be s t r i c t l y zero only i n the limit t h a t Suppose t h a t , besides measuring i ( t ) and i a ( t ) , we were t o measure also i b ( t ) , the signal "reflected" from the cavity back toward the pulse source.
Then the energy loss constant k can also be obtained from (12) are connected by the conservation will depend i n part on the precision w i t h which the integral can be evaluated, and, i n p a r t , on the "error8' 6k. The e r r o r i n the integral will be determined primarily by the error i n i a ( t ) --which i s , you will remember the difference between i ( t ) and i m ( t ) . This error will be l e s s ; the larger is i a ( t ) .
the magnitude o f i a ( t ) .
correction of i t can, i n principle, be estimated --l e t ' s assume, for the moment, t h a t i t has an unpredictable uncertainty about equal to i t s e l f . 
I t was
Making the same separation here, we can write 
--
The comments of the preceding paragraph apply only t o the rf accelerat i n g cavities. There i s also some concern about, the hundreds of "incidental" cavities i n the r i n g --namely, the various transition chambers i n the vacuum system. For these cavities, the t o t a l k gives the relevant loss,
and t h e p r e d i c t e d accuracy should be s u f f i c i e n t t o show t h e general magnitude of t h e l o s s --and, i f i t should t u r n out t o be serious, serve t o permit t h e c o n t r o l o f design changes t o reduce t h e losses t o an acceptable amount.
One f u r t h e r comment about Eq. (10). I n a l l o f t h e discussion above, i t was assumed t h a t t h e currents were those f l o w i n g i n coaxial transmission l i n e formed by t h e w i r e and t h e "normal" vacuum chamber. This l i n e i s
matched t o t h e d e t e c t o r by a tapered matching s e c t i o n which should --i f p r o p e r l y designed --a c t as an i d e a l transformer w i t h a c u r r e n t -t r a n s f o rmation r a t i o M. f a c t o r M2 and t h e proper matching r e s i s t a n c e w i l l be smaller by t h e same f a c t o r . r e f e r r e d t o t h e i n p u t o f t h e detector.
The product o f the two currents w i l l be l a r g e r by the Equation ( l o ) , therefore, can a l s o be used w i t h a l l q u a n t i t i e s For a not-too-pathological cavity, I expect Anyway, l e t ' s assume t h a t they m i g h t be as shown.
Expected Signal I t was estimatedl t h a t a beam bunch containing 1.5 x 1 0 l 2 p a r t i c l e s might l o s e an energy o f 15 MeV per p a r t i c l e i n t r a v e r s i n g t h e 120 c a v i t i e s o f t h e PEP e l e c t r o n -p o s i t r o n r i n g . Such a loss corresponds t o an energy
The integral of Eq. (10) can be estimated i n the following way. 
F i r s t , l e t ' s look a t what m i g h t be a "convenient" value f o r R O .
Suppose that for mechanical reasons we were t o choose a wire whose radius was 1 millimeter, and that we take for -a the inner radius o f the PEP cavities, 6 cm. Then Ro = 246 Ohms. is from the same roulette wheel that makes the expected energy loss neither disastrous nor insignificant!) other considerations also limit the wire size to something reasonable.
I will show i n the next Section t h a t
8.
Limitations on the Choice o f the Center Conductor I n the preceding Section, i t was shown that the choice of the size of the center conductor will influence the accuracy o f the measurement of the cavity loss, and t h a t , i n principle, the wire size can be chosen t o obtain a minimum error. The analysis of Section 6 , and, i n particular, the reasoning behind Eq. (13), i s inadequate i n two respects.
assumption has been made --as mentioned i n Section 2 --t h a t the basic energy loss mechanism i s not drastically changed by the presence of the center conductor.
center wire have, so f a r , been neglected. we see that Q changes slowly w i t h r.
intuitive guess that the cavity will be the least disturbed by the smallest There i s , however, one important effect t h a t gets worse for smaller
wires. I t i s t h e d i s t o r t i o n o f t h e pulse t h a t a r i s e s from r e s i s t i v e losses
i n t h e wire. The r e s i s t a n c e o f t h e w i r e causes an a t t e n u a t i o n o f the pulse as i t t r a v e l s along t h e wire, and, since t h e r e s i s t i v i t y i s frequencydependent, t h e r e w i 11 be d i f f e r e n t attenuations f o r t h e d i f f e r e n t frequency components i n t h e pulse, 
A F o u r i e r component whose amplitude i s A(@) w i l l be attenuated w i t h distance x along t h e w i r e according t o e a t t e n u a t i o n c o e f f i c i e n t CL(W) i s given by
So long as r << a, t h e where Rs i s the surface r e s i s t i v i t y o f t h e w i r e a t t h e frequency o, and
R, i s t h e c h a r a c t e r i s t i c r e s i s t a n c e o f t h e transmission l i n e . The surface r e s i s t i v i t y depends on frequency as
where, f o r example, rl = 1.04 x i s t i c r e s i s t a n c e i s given by Eq. (19).
Ohmlsec' f o r copper.2 The character-L e t ' s evaluate a(w) a t t h e t y p i c a l frequency W, t h a t was defined i n Notice, however, the inverse dependence o f a on r.
The I t would appear that wire sizes somewhere between perhaps cm and 1 cm might be used --the choice being made t o optimize the accuracy of the measurements as described in Section 6.
Synthetic Pulse Method
All of the preceding discussion was based on the assumption that the current pulse launched along the central wire would have a time-shape that simulates the current of a circulating bunch.
o u t that this requirement can be dropped provided that the whole system i s certain t o be completely linear a t a l l of the relevant frequencies and amplitudes --t h a t i s , i f the oscillograph i s linear, and i f a l l of I would like now to point the metalic contacts have linear resistances. With a s t r i c t l y linear system, the experimental measurements can be made w i t h almost any reasonable pulse, and then analysed t o obtain the coefficient k appropriate t o an idealized Gaussian pulse of any length.
mean, of course, a pulse t h a t has significant Fourier components a t the relevant frequencies --specifically, those i n the neighborhood of wo for
By a "reasonable" pulse, I
the desired bunch length.
Suppose we have a pulser that gives a time-dependent which is some s o r t of a short impulse of length r* that m quite a b i t less than the bunch length ' I: which we wish t o can, as has been assumed until now, pass this pulse throu current i t ( t ) g h t be, say, simulate. W e h a f i l t e r t o generate an (approximately) Gaussian pulse i o ( t ) of width r , which is then used for the measurements. When we do t h i s , the pulse i o ( t ) is transformed i n t o the pulse i,(t) by the response of the cavity system.
look a t what i s happening i n the following way.
i s the "output" obtained when the "input" i t ( t ) i s applied to the cascaded system t o two " f i l t e r s " --the pulse-shaping f i l t e r and the cavity system. B u t , as is well known, w i t h linear systems the sequence of the two f i l t e r s doesn't matter (exchanging the order of two 1 inear operators leaves the result unchanged). So we could just as well place the pulse-shaping f i l t e r a f t e r the cavity system, rather than before.
Now l e t ' s
The modified pulse i,(t)
What I want t o suggest i s t h a t we go one step farther and omit the pulse-shaping f i l t e r entirely. The operation Op i ( t ) can be written as limitation on the accuracy of the measurement rests on the accuracy So long as of the determination of i a --which would, I assume, be the same for ii --an increase i n the ( r e l a t i v e ) magnitude of ii would result i n an improved determination of the energy loss constant k.
Conclusions
A bench measurement has been proposed that would permit a measurement of the energy loss of a stored particle beam to a cavity i n the vacuum
chamber. An estimate of the accuracy of the method indicates that the energy loss t o the parasitic modes of the rf accelerating cavity can be determined w i t h an error t h a t will be 15% or less of the loss to the fundamental mode.
the l i k e ) , the losses could be measured t o a relative error of 15% or better.
These accuracies are probably more than are needed for the design of PEP.
For other incidental cavities i n the r i n g (vacuum boxes and
The bench set-up would permit relatively easy measurements of the loss t o a l l of the structures that will be used i n the vacuum chambers. And will, i f necessary, provide a convenient way of experimenting w i t h design modifications that would reduce the loss.
I t would, of course, s t i l l be useful t o make measurements of the cavity loss i n SPEAR-2; the results of which could be compared w i t h the results of a bench measurement to confirm --or question --the quality of the bench measurement.
Equivalent Circuit of a Cavity w i t h a Central Wire
Each mode of a resonant cavity i s characterized by three parameters.
I f i n d i t convenient to use the s e t w 0 , the natural frequency, r o , the i n t r i n s i c impedance, and Q, the loss coefficient.
resistance" Rs of a cavity i s 2roQ.)
are, for the fundamental mode:
(The so-called "shunt To i l l u s t r a t e the general magnitudes of these impedances, l e t ' s take the example o f a PEP cavity w i t h a central wire whose radius is 1 millimeter.
For this example we get the following numbers: v a l e n t resonant c i r c u i t o f t h e c a v i t y by t a k i n g i n t o account o n l y the e f f e c t o f shunting t h e c a v i t y by t h e s e r i e s combination o f t h e inductance L ' and t h e r e s i s t a n c e ZR,. Energy Loss Formulae A c u r r e n t pulse i ( t -x/c) t r a v e l l i n g along a coaxial transmission l i n e w i t h c h a r a c t e r i s t i c r e s i s t a n c e Ro has a p o t e n t i a l d i f f e r e n c e v equal p o i n t .
I n t h e f o l l o w i n g , I s h a l l take x = 0 a t t h e evaluation I n t h e experimental set-up, t h e energy i n t h e system before t h e pulse a r r i v e s a t t h e c a v i t y --when t h e c u r r e n t i s i o ( t ) --i s U, = R , b g ( t ) d t .
( B-2 1
Later, t h e r e i s t h e m o d i f i e d signal i m ( t ) = i o ( t ) -i a ( t ) t r a v e l l i n g t o t h e r i g h t and t h e r e f l e c t e d pulse i b ( t ) going t o t h e l e f t .
The t o t a l energy i s See Section 6.
U, = R o j [ i o ( t ) -i,(t)12dt + R o F i ( t ) d t .
From t h e conservation of energy (and n e g l e c t i n g any energy d i s s i p a t i o n other than i n t h e terminations o f the coaxial l i n e s ) , U, = U,, so I would l i k e t o i d e n t i f y the magnitude o f t h e f i r s t term o f t h i s equation as the energy lllostl' from the i n i t i a l pulse. The second term, which i s equal t o the first, I would l i k e t o identify as the energy "deposited" in the cavity, and subsequently released to the coaxial lines.
I shall now show that the f i r s t term corresponds t o the energy given up t o the cavity by a r e l a t i v i s t i c particle bunch w i t h the same current dependence. Consider an element of charge Aq i n the bunch as i t passes through the cavity.
i t traverses the distance dx is A q e d x , where 6 is the e l e c t r i c f i e l d pulse, however, the energy i n an element of charge Aq is related t o the current a t Aq and so the current must change. Consider what happens i f an externally impressed e l e c t r i c f i e l d
From the "circuit" point-of-view, there will be a "potential difference"
(or e.m.f.) in the wire equal t o &?AX. Since the transmission like looks like a resistance R, i n -each direction, a current pulse A i a = &'Ax/ZR, will be generated which travels in one direction and an equal pulse of opposite polarity A i b that travels in the opposite direction. pulse A i a , i t will have a d u r a t i o n A t , and will travel along the wire w i t h the speed c. and a t the time the pulse passes by, they will a l l add t h e i r contributions.
Calling E the f i e l d encountered by the travelling pulse, the total induced
